The upwards trend for the use of electrical power on state of the art more-electric aircraft (MEA) has resulted in a significant changes to the electrical power system (EPS) for these platforms due to increased use of DC, higher voltage and power levels, and decentralized architectures. A dual trend is the increasing use of carbon fibre reinforced polymer (CFRP) for aircraft structures, due to the superior mechanical properties of CFRP compared to metallic structures. However, the poorer electrical conductivity of CFRP results in the aircraft structure no longer being fully integrated with the electrical power system. There is a need to integrate these two systems to fully maximize the performance benefits of CFRP, and optimize the weight and volume of the electrical power system. A first step in this integration is to identify an appropriate fault management strategy, which enables the detection of higher resistance ground faults through CFRP. This includes the consideration of appropriate grounding topologies. This paper proposes the implementation of a high resistance grounding topology, which enables the detection and location of a fault via spectral analysis of the voltage across the grounding resistor. From this, implications for wider EPS and CFRP designs to enable the reduction in the use of bulky cable harnesses, providing the first step to CFRP becoming an integral part of the EPS, are discussed.
I. Nomenclature

III. Interdependencies Between Fault Response and Grounding Topologies
A. Selection of an appropriate grounding topology At present, aircraft electrical power systems are grounded using a TN-C-S: a 4 wire system, with a solidly grounded neutral point [13] . Due to the very low impedance of the grounding point, during a low resistance, short circuit to ground fault, high levels of fault current will flow. Whilst this will require a fast acting protection system to isolate the fault, the high level of fault current enables the detection and location of the fault using conventional over-current or under-voltage based fault detection methods [10] .
However, previous research by the authors [10] has demonstrated that the resistance added to the fault path of a solid rail to ground fault by CFRP can vary from 2.5 Ω to 25 Ω [10] . For a TN-C-S grounding topology, if the electrical resistance of a fault is less than 6.5 Ω, the DC link current will increase by at least 20% to feed the fault. The threshold for a 10% change in DC link current is 13.25 Ω. Therefore, the resistance of the CFRP may be too high to prevent a fault being detected in a TN-C-S system, but critically the fault current flowing through the CFRP may cause sufficient Joule heating that degradation of the CFPR occurs due to the glass transition temperature of the resin matrix of the CFRP being exceeded. A possible solution proposed in this paper is to consider a different grounding topology.
The response of an EPS with an ungrounded (IT) grounding system to a rail to ground fault is for a shift in the neutral voltage relative to ground, even for higher resistance faults. For example, in the case of a single phase to ground fault on a three phase section of network, the neutral point of the system will shift to the magnitude of the phase voltage, and the magnitude of the unfaulted phases will increase by a factor of √3 [13] [14] . An additional advantage of this grounding topology is that for the case of a single line to ground fault, it allows for fault ride through capability. This approach to fault management may be particularly attractive for an aircraft EPS with critical loads.
Whilst this grounding topology offers fault ride through capability, the higher voltages on the unfaulted phases during a fault require that a higher level of voltage insulation is used [15] . The majority of faults in aircraft are caused by vibration and the resulting damage to cable insulation. Coupled with the trend for higher voltage levels on aircraft (set to continue for hybrid electric aircraft [16] ), the level and type of insulation must be explored thoroughly. A second challenge of an ungrounded system is that it is rarely truly ungrounded due to capacitive connections to ground through parasitics (e.g. electrical machine casings) and EMC filters [17] . This results in high transient over-voltages during ground faults [13] A third challenge of this grounding topology is that whilst a fault can be detected, it is known to be challenging to accurately locate where a fault has occurred on an ungrounded system [18] . This is critical for an aircraft EPS, as it is desirable to isolate only the faulted section of network to maintain power to critical loads. Sizing the system to operate at the higher voltages associated with a single rail to ground fault for a long period of time may be impractical, and secondly a fault must be located and isolated in a timely manner before a second rail to ground fault occurs.
Of these three key challenges, the first challenge, whilst important, is outside the scope of this paper. An option to mitigate against the second challenge of the transient over voltages is to use a high resistance grounding (HRG) topology. In a HRG topology the neutral point of the system is connected to ground via a grounding resistor. The resistor is sized to limit the ground current [13] . In the event of a line to ground fault occurring in a HRG system, the magnitude of the neutral to ground voltage will still shift to the phase (or DC rail) voltage. A method to locate a fault in an HRG system (the third challenge listed above) is critical to the implementation of this grounding topology for aircraft applications, and this is presented and discussed in Section III of this paper.
B. Application of HRG topology to an example MEA EPS
An example section of a more-electric aircraft EPS is shown in Fig. 2 . In this system, a 236-kVA wound field synchronous generator provides variable frequency (360 -800 Hz) voltage to a three phase, 230-V (rms) per phase bus. An autotransformer rectifier unit (ATRU) converts the AC voltage to +/-270 V dc, with an inverter interfacing the DC link to an 80 kW permanent magnet synchronous motor (PMSM), which drives the environmental conditioning system (ECS). The parameters of the PMSM are given in Table 1 .
The system has been modelled using a modular transient modelling tool [19] . As indicated in Fig. 2 , the generator feeder cable to the ATRU has been modelled using a lumped parameter model [20] to represent the bundled phase and neutral cables. The current return network impedance has been represented by a lumped impedance of 2mΩ and 8 mH [2] . There is a capacitive coupling between the cable sheath and ground (1.2 nF per phase), which will conduct stray currents generated by electromagnetic interference [21] . In addition, there is capacitive coupling between the generator casing and ground (0.1 μF per phase). Downstream of the system, the DC section of network, active inverter and motor are not connected to neutral. This is to isolate AC and DC grounds. To implement the HRG grounding topology, a neutral point of the system must be grounded through a grounding resistor. For the system shown in Fig. 2 , the star point of the generator is grounded through a grounding resistor. The resistor is sized to ensure that the ground fault current is greater than the capacitive charging current, such that transient over voltages are avoided in the event of a fault. Using (1) and (2) from [13] , where Ico (A) is the charging current, VLL (V) is the line to line voltage, VLN (V (rms)) is the line to neutral voltage, f (Hz) is the fundamental frequency, Co (F) is the value of the total parasitic ground capacitance, the grounding resistor, RHRG(Ω), can be sized.
= 2√3
(1)
By inspection of Fig. 2 , there are two sets of capacitors which must be considered when implementing (1) : the capacitance between the machine casing and ground, and between the cable sheath and ground. At present the system has only been modelled in simulation and therefore other parasitic capacitive connections to ground, for example from casings or heat sinks [22] have been overlooked. Common mode electromagnetic coupling (CM EMC) filters have also not been included. The design of the CM EMC filter is dependent on a number of factors including converter topology and switching frequency [22] , and depending on its design, it may affect fault response and sizing of RHRG. In the modelled system, the phase voltage is 230 V (rms) and the coupling capacitance to ground is 0.1 μF (the coupling capacitance due to the cable sheath is neglected as it is significantly smaller than the coupling capacitance due to the generator casing). By inspection of (1) and (2) system frequency directly influences the sizing of RHRG. The frequency of the generator feeder can vary from 360 -800 Hz [23]. If designed for a 400 VLL (rms) voltage at 800 Hz, the resistor will be 660 Ω, for 360 Hz it is 1467 Ω, or for a nominal 400 Hz it is 1320 Ω. Selection of a higher voltage level may result in a higher value for RHRG, as well as higher insulation requirements during a rail to ground fault. Clearly a larger resistor brings a higher associated weight penalty. However, this penalty may be minimal when traded against the value of implementing higher voltage (lower resistive losses) and variable frequency (to enable matching of generator and engine speed).
IV. Method of fault detection A. Appropriate Method of Fault Detection and Location Method for an MEA EPS
The attraction of a HRG grounding topology for an integrated electrical composite system is that a ground fault can be detected by a voltage shift between a neutral point and electrical ground. However, due to the low fault current associated with first ground faults in HRG systems, locating where a fault has occurred is not straight forwards: classical methods of fault detection include the injection of a traceable signal into a faulted system, and to then use this to trace the fault by hand [18] . A second method is to gradually de-energise the system to locate the fault [18] . Clearly for an aircraft where a fault occurs during flight, these approaches would be impractical as both can only take place once the aircraft is stationary on the ground. Even if fault current levels from a rail to ground fault are too low to cause thermal degradation to CFRP, a timely detection and isolation of a rail to ground fault is required to ensure that a fault is cleared before a second rail to ground fault occurs.
Analysis of the neutral to ground voltage measured over the grounding resistor, RHRG, has been proposed in the literature for land-based systems with adjustable speed drives (ASD) [24] [25] . By analysis of the magnitude and frequency of this measured voltage, the location of a fault can be estimated. Three fault locations in the MEA EPS in Fig. 2 are considered, as indicated in Fig. 3 . Each fault is a single phase, or rail, to ground fault, through CFRP. By inspection of Fig. 3 , the voltage over RHRG for each of the three fault locations can be expressed by Equations (3) -(5) [24], [25] in Table 2 , where ℎ ̅̅̅̅̅̅ (V) is the generator feeder phase to ground voltage, Rf (Ω) is the fault resistance, Vdc (V) is the rail to ground DC link voltage, fo (Hz) and ω0 (rad/s) is the actual frequency of the AC motor feeder voltage, fm (Hz) is the rated frequency of the AC motor feeder voltage, ℎ ̅̅̅̅̅̅ (V), and ϑ0 (rad) is the phase difference of the motor feeder voltage.
By inspection of (3) -(5) it is clear that frequency spectra analysis of the neutral to ground voltage offers an opportunity to detect and locate a higher resistance fault through CFRP on an HRG system: the dominant frequency of the measured VNG is the frequency of the faulted section of the network. In this paper the spectral analysis of the voltage has been carried out using a Fast Fourier Transform (FFT), over a sample period of 0.1 ms. 
Fig. 3: Location of 3 ground faults under consideration for EPS with HRG topology
B. Variation of Fault Resistance
In each of the fault scenarios and resulting neutral to ground voltages given in Table 2 , the magnitude of the resulting neutral to ground voltage is dependent on the ratio of RHRG to the sum of RHRG and Rf, where Rf is dominated by the resistance of the CFRP, RCFRP. CFRP is a heterogeneous material where carbon fibres, which provide the strength, are held in place by a resin matrix. The resin matrix is usually a thermoset epoxy. Carbon fibre is an electrical conductor, whereas the resin matrix is an electrical insulator. The carbon fibres are arranged in plies. Within each ply the carbon fibre may be arranged in a unidirectional (UD) (strands parallel to each other) or woven fashion [26] . The orientation of the fibres relative to different plies is varied to give appropriate mechanical properties to the CFRP.
However, the electrical properties of the CFRP are also dependent on the lay-up of the CFRP [10] . It has been shown in previous work by the authors [4] [10] that the electrical resistance of UD CFRP can be estimated based on
where R (Ω) is electrical resistance, l (m) is the length of CFRP that is conducting, σ (Sm -1 ) is the electrical conductivity of the CFRP in the in-fibre direction and A is the cross-sectional area of CFRP that is conducting. In [10] , for a 0.65 m x 0.65 m square panel of UD CFRP, bonded to ground via a metallic frame, the electrical resistance added to the fault path in a solid short circuit fault was estimated to vary from ~2.5 Ω to ~ 25 Ω. If the grounding resistor is sized for a generator feeder frequency of 800 Hz (minimizing the size of RHRG thus maximizing the impact that a change RCFRP will have on neutral voltage under fault conditions), then the magnitude of the phase to neutral voltage will vary from a reduction of 1% of the system voltage with an RCFRP of 2.5 Ω, to a reduction of 4% of the system voltage for an RCFRP of 25 Ω. Therefore, aside from providing information on the location of a fault, the magnitude of the frequency spectra are expected to be sufficiently higher than any noise on the ground plane to enable the detection of a fault.
V. Analysis of Fault Response
A simulation model of the section of MEA EPS shown in Fig. 2 was created in Matlab Simulink, and single phase to ground faults were applied to the three locations indicated in Fig. 3 : phase A of the generator feeder, the positive rail of the DC link and phase A of the motor feeder. In all three cases the maximum fault resistance identified in [10] a fault of of 25 Ω was applied, and RHRG was sized to be 1320 Ω, for the nominal generator feeder frequency of 400Hz. Fig. 4 shows the response of the phase to ground voltages in response to a phase A to ground fault after 0.5 s. Fig.  5 shows the voltage measured between neutral and ground over RHRG. By inspection it is clear that in response to the fault, the phase to ground voltages of the unfaulted generator feeder phases increase by a magnitude of √3 to a peak of 563 V (400 V (rms)). The neutral voltage increases to a peak voltage of 320 V, which corresponds to the expected magnitude from (3). Fig. 6 shows the generator feeder phase to ground voltages when the positive rail of the DC link is shorted to ground after 0.5 s. The downwards shift of the voltage magnitudes relative to ground is due to the downwards shift of the neutral voltage relative to ground, shown in Fig. 7 . The magnitude of the neutral to ground voltage over RHRG is ~265 V, which corresponds to the value estimated using (4). To investigate the fault response to a motor feeder phase to ground fault, if the EPS is simplified to the system shown in Fig. 8 where the ATRU is represented simply by a diode bridge rectifier, and the inverter by an ideal six switch converter, then when switch S1 closes, fault current (IF) will flow directly from the positive DC link rail to ground via RCFRP. Due to RHRG, this current will flow back through the generator and diodes D1, D3 and D5 (in Fig.  8 D1 is commutated on by the phase A generator voltage). When S2 closes, the path will change to link the negative DC link rail to ground, with D2, D4 and D6 conducting. Therefore under this fault condition, the voltage on the faulted phase will go to ground, and the phase to ground voltage over the 2 unfaulted phases will increase by √3. The voltage measured over RHRG (Fig.9 ) appears to have a magnitude of the DC link voltage. Further, the generator phase to ground voltages maintain their fundamental waveform, but with a superimposed voltage at +/-270V (the DC link voltage) ( Fig. 10) . Finally, the switching of the positive and negative DC rail voltages between +270 Vdc and -270 Vdc, and how this impacts on VNG is shown in Fig.11 . Fig. 12 shows the spectral analysis of the neutral to ground voltage over the grounding resistor using a Fast Fourier Transform (FFT), over a sample period of 0.1 ms for each of the three fault scenarios. The position of the spectra aligns with the fundamental frequency of the section of network where a fault has occurred, thus enabling the location of a fault to be detected. 
A. Voltage Response to a Single Rail to Ground Fault
Fig. 12: Spectral analysis of the neutral to ground voltage over the grounding resistor, where red is for a single phase of the generator feeder to ground, blue is for the positive rail of the DC link to ground and cyan
is for a single phase of the motor feeder to ground.
B. Fault Current Through CFRP
From [10] it is known that the injection of electrical current through CFRP will result in localized Joule heating. The amount of power dissipated in a section of CFRP is expressed as = 2 (7) where P (W) is the power dissipated (usually as heat), If (A) is the fault current flowing through the CFRP and RCFRP (Ω) is the electrical resistance of the CFRP. The amount of fault current can be estimated by (8) , if it is assumed that the combined RHRG and RCFRP resistances dominate system impedance such that the resistance of the EPS, including electrical machines, can be considered negligible. For example, if an AC feeder single phase to ground fault is considered then the combined grounding and fault resistance dominates system impedance, hence the stator windings of the machine are neglected, as is the coupling capacitance to ground. Hence the fault current can be estimated from
For the case considered, the fault current through the CFRP is 0.335 A(rms) if the grounding resistor is sized for the maximum generator feeder frequency of 800 Hz, or 0.171 A(rms) if sized for 400 Hz, in both cases with RCFRP at the highest expected value of 25 Ω, as shown in Fig. 13 . The initial transient is due to the discharge of the parasitic capacitances (generator casing and cable sheath) included in the model. It must be noted however, that no equivalent series resistance (ESR) has been included in series with the capacitors. From (7) , this would lead to a power dissipation in the CFRP of 2.8 W (RHRG at 660 Ω) or 0.074 W (400Hz). From the guidance given in [10] [4] , it can be assumed that this is not sufficient power dissipation to cause Joule heating to raise the temperature of the conducting CFRP to above the glass transition temperature of the resin.
Similarly, in the case of a DC link rail to ground fault, the power dissipated in the CFRP will be 1 W with RHRG at 1320 Ω, and 3.88 W at 660 Ω. At 3.88 W, the glass transition temperature of the resin could be reached, but it will take several hours and is dependent on environmental conditions, including any natural cooling of the CFRP. From (7) and (8) the calculated fault current through the CFRP in the case of a motor feeder single phase to ground fault is calculated to be the same as for the generator feeder fault, if the system is operating at the same nominal voltage. However, the high frequency switching that is present on the fault current results in the parasitic capacitances to ground discharging every time the voltage switches. Further experimental investigation is required to understand how this affects the thermal response of the CFRP. If the current is averaged at 2A, then the power dissipated would be 100 W, which would be sufficient heating to reach glass transition temperature in ~3s, but if the average current is 1A, then the power dissipated is 50 W, which would reach glass transition temperature in ~20s [10] . In both cases the time to reach glass transition temperature assumes no natural cooling of the CFRP is present. 
VI. Discussion
A. Influences of Grounding Topology Choice on Wider EPS Design
From the case study results shown, it can be seen that the HRG topology provides a method to detect a higher resistance ground fault through CFRP. The use of a high resistance grounding topology has an additional benefit to the system of providing fault ride through capability. Aero-electrical power systems have increasing numbers of critical loads, and hence HRG provides an additional option for designing a system with an appropriate fault management strategy to ensure power to such loads is maintained. This is very relevant to the design of the EPS for future hybrid-electric aircraft, where some of the thrust for the aircraft may be from electrically driven fans [16] .
However, as the results indicate, an HRG topology does require an electrical power system to be able to withstand higher voltage levels during faulted conditions. This has several implications system design. Firstly, the cables will require appropriate levels of cable insulation and repeated higher voltages can lead to degradation of the cable insulation due to high voltage stress [29] . Secondly, the components within the system must be rated to cope with higher voltage levels. This may require the use of multilevel converter topologies, such as neutral point clamped converters [27] . Such converter topologies also have improved power quality and efficiency compared to 2-level topologies [28] .
A second consideration must be the influence of the converter and filter topologies on the over-voltage levels experienced during a fault. For example, in the case study shown, the use of a six switch converter resulted in a switching voltage with a magnitude of the rail to rail DC link voltage being superimposed on top of the generator feeder AC phase voltage. The choice of appropriate converter topologies (including the use of galvanic isolation) to mitigate these over-voltage responses is an area for future discussion.
A further consideration which has not been fully explored in the case study is the full influence of common mode capacitive coupling to ground on the fault response. This includes common mode filters and coupling capacitances due to other elements such as heat sinks or the casing of the equipment in the EPS to ground. Combined with the EPS system architecture, these common-mode connections will influence the common-mode current which will flow in response to a fault to ground. Further study is required to understand the frequencies and magnitudes of these circulating currents. If the casing of any of the EPS technologies is made from CFRP, as is proposed by [9] , then how the design of these casings affects the capacitive coupling to ground and the common-mode currents needs to be understood. Furthermore, the interdependencies between CFRP layup and bonding to ground and the thresholds for common-mode current and voltage magnitude and frequency for degradation of the CFRP require characterization.
B. Interdependencies Between Fault Resistance and High Resistance Grounding Resistor
From the results for the example system described in Section IV, it can be observed that the level of power dissipated in the CFRP is not high enough to cause sufficient Joule heating of the CFRP for the glass transition temperature of the CFRP to be reached (assuming the average current in response to a motor feeder to ground fault is below 1A). However, if the power dissipated in the CFRP is ~80 W or higher, glass transition temperature will be reached within a few seconds. This sets a maximum acceptable fault current of 1.7 A (with RCFRP at 2.5 Ω). If a design criteria for the system is selected that limits the power dissipated in the case of a fault to a specific power level, then this will influence the choice of wider system parameters. The threshold power, Pthresh, is determined by (9) . 
The level of Pthresh will be influenced by the expected speed of response of the fault detection and protection system, and the acceptable levels of localized heating in the environment around a section of CFRP due to a fault. From the limit for If from (9) a limit for the grounding resistor is set, which with consideration of (2) the allowable charging current can be calculated. By inspection of (1) it can be seen that the charging current is a function of system voltage, frequency and the coupling capacitance to ground. How much flexibility there is to vary these parameters is interdependent on the wider electrical power system design and technology choice. This includes consideration of the influence of common-mode capacitances (parasitic and filter). The interdependencies between the choice of power converter topology, switching frequency and sink design with CM filter design and hence charging current also cannot be overlooked.
If the CFRP resistance is 25 Ω, and Pthresh is set to be 80 W, considering a nominal system frequency of 400 Hz and phase to ground voltage of 230 V, the charging capacitance will be set to be 1.03 μF, with RHRG at 128.6 Ω. If the capacitance linked to ground cannot be limited to this threshold value, then a possible option may be to increase RHRG. Alternatively, it may be possible to design the CFRP such that RCFRP has a minimum value to ensure that the fault current is not high enough to cause degradation. The resistance of the CFRP is sensitive to layup, cross-sectional area of conduction and panel size. However, the thermal response of the new CFRP configuration must be investigated to ensure that localized thermal response does not increase temperature above the resin glass transition temperature.
In addition, if the minimum value of RCFRP is increased, or if RHRG is decreased, a further consideration is that the method of detection presented relies on the spectral analysis of the neutral to ground voltage (VNG). The magnitude of VNG is directly proportional to the ratio of RHRG to the sum of RHRG and RCFRP, and thus the magnitude of the frequency spectra. The limit for how high RCFRP can be relative to RHRG will depend on the level of noise on the ground plane. Further investigation is needed to investigate whether this variation in the spectra magnitude on a noisy, vibrating aircraft electrical power system would make it difficult to detect and locate a fault.
VII. Conclusions
Implementing a high resistance grounding topology may offer a way to reliably detect higher resistance faults through CFRP on an MEA EPS. This provides an opportunity to integrate CFRP with the EPS, enabling the conduction of currents under faulted conditions. Assuming that the range of electrical resistances that CFRP may add to the fault path of a rail to ground fault is known, an integrated approach to EPS system design can be taken to ensure that the heat dissipated within CFRP before a fault is detected and isolated, does not result either in the glass transition temperature of the resin being reached or the local environment being excessively heated. However, this may also result in implications for the wider electrical power system design: firstly considering the capacitive connections to ground, secondly the implications of over voltages.
The fault detection method proposed is based on spectral analysis of the neutral to ground voltage over RHRG. This has been demonstrated using a simulation model which does not include all the parasitic capacitances and commonmode filters, or include noise that would be present in an aircraft environment. Hence hardware validation of the method is required to demonstrate capability of the method in a non-idealised set-up.
Linked to this, if the CFRP structure is to be truly integrated with the EPS, then further consideration of the common-mode currents and their circulation in CFRP must be undertaken. Even if these currents are not sufficiently high to result in localized heating of CFRP, they may contain high frequency components which may require appropriate EMC shielding.
Finally, if the grounding and fault detection strategy presented is extended to proposed hybrid-electric aircraft, the impact of the expected higher voltages (kV range) and frequencies will increase the value of 3Ico. Changes in converter topologies for multilevel converters may result in higher parasitic capacitances. Ultimately, this may increase the size of the grounding resistance, which may help reduce the fault current.
